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Abstract

We describean electronictransportmodelandan implementationapproachthat respondto the
challengesof device modelingfor gigascaleintegration.We usethedensity-gradient(DG) trans-
port model,which addstunnelingandquantumsmoothingof carrierdensityprofilesto thedrift-
diffusionmodel.We presentthecurrentimplementationof theDG modelin PROPHET, a partial
differential equationsolver developedby Lucent Technologies.This implementationapproach
permitsrapid developmentand enhancementof models,as well as run-time modificationsand
model switching.We show that even in typical bulk transportdevices suchas P-N diodesand
BJTs,DG quantumeffectscansignificantlymodify the I-V characteristics.Quantumeffectsare
shown to beevenmoresignificantin small,surfacetransportdevices,suchassub-0.1µm MOS-
FETs.In thin-oxideMOS capacitors,we find that quantumeffectsmay reducegatecapacitance
by 25% or more. The inclusion of quantumeffects in simulationsdramaticallyimproves the
matchbetweenC-V simulationsandmeasurements.Significantquantumcorrectionsalsooccurin
the I-V characteristics of short-channel MOSFETs due to the gate capacitance correction.

Introduction

Theunrelentingdown-scalingof electronicdevicestowardgigascaleintegrationlevels(morethan
109 devicesperchip) is causinga fundamentalchangefrom experiment-dominateddevelopment
to simulation-dominateddevelopmentof new electronicstechnology. The cost of experiments
with eachnew technologygenerationis rising rapidlywith thepriceof moreadvancedfabrication
instrumentsandfacilities.Theseinstrumentsmustprovide ever morecompleteandprecisecon-
trol of all aspectsof the fabricationprocessin order to squeezethe samefunctionality into a
smallerarea.Higherfunctionaldensityis now oftenaccomplishedthesameway thathumanslive
moredensely:by building up (or down) insteadof out. Advancedtechnologiesusetrenches,pil-
lars,side-walls,overlaps,stacking,andlayering,to nameafew space-saving gambits.But in spite
of theincreasingcostandcomplexity of fabrication,competitive pressureis intensifyingto bring
new technologyto market fasterandcheaperthaneverbefore.Preventingthesetwo realitiesfrom
colliding is the essence of the gigascale challenge.

In a circular process,the fundamentalchangein electronicsR&D is madepossibleby the very
technologythat requiresit. Larger, faster, andcheapercomputersdon’t just make it possibleto
solve largerproblemsfaster- they actuallymake it feasibleto solve new classesof problems,and
to solve old problemsin fundamentally“smarter” ways. Thus, as experimentaltrial-and-error
becomesinfeasiblein gigascaleelectronicsdevelopment,simulation(process,device,andcircuit)
is becominga fundamentalpartof the technologydevelopmentcycle, andwill eventuallydomi-
nateit. In fact,circuit simulationhaslong agoreplacedpaper-and-penciltheoryandexperimental



circuit testing as the dominant means of new technology development.

However, meetingthegigascalechallengeis muchmoredauntingfor electronicdevice andpro-
cessmodeling.Experimentaliteration(guidedby experienceandtheory)cannot continueto lead
new device andprocesstechnologydevelopmentinto thegigascaleerabecauseof rapidchanges
in materialsand device structures,as well as increasingcomplex-geometry, small-geometry,
quantum,andatomisticeffects.Processanddevice simulationmusttake theleadin development
because of thesenew challenges,but they must also be able to handle them. The standard
approachto processanddevice simulation- developingindependent,andoftenredundant,fixed-
modelcodesall aroundthe world - will make processanddevice modelinglag the technology
curve.For processanddevicemodelingto meettheirgigascalechallengesandthusbeableto pro-
vide critical guidanceto the industry, moremodular, flexible, andextensibledevice andprocess
simulation codes are required.

In this work, we focuson device simulation,anddescribebothanapproachto device simulation
andaphysicalmodelwhichadvancetheeffort to meetthechallengesdescribedabove.Thedevice
simulationapproachis to specify the transportmodelat a high level to a general-purpose(but
highly efficient) partialdifferentialequation(PDE)solver, in this casePROPHET1, developedby
LucentTechnologies.PROPHETthensolvesthemodelin 1-D, 2-D, or 3-D for a specifieddevice
andtestregime.This approachallows for therapid investigationof a wide rangeof device struc-
tures,transportmodelsand physical effects,which is essentialfor device simulationto play a
leadingrole in the futureof electronicdevice technology. [Note that thePDEsolver approachis
also applicableto processmodeling. In fact, PROPHET was initially developed,and is still
mainly used, for process modeling.]

Theelectronictransportmodelusedin this work is thedensity-gradient(DG) quantumcorrection
to thedrift-diffusion(DD) model.2 This modeladdstunnelingandquantumsmoothingof carrier
densityprofilesto thedrift-diffusionmodel.Wenotethattheclassicaldrift-diffusionmodelis still
themostextensively usedmodelfor numericalsimulationof electronicdevices,3 almost50 years
after its first description,4 andalmost35 yearsafter Gummel5 first describeda robust numerical
solutionmethod.Thelongevity of theDD modelis asmucha testimony to theability of scientists
to addandtuneadditionalfitting parameters(usuallythroughmobility models)for eachsucces-
sive technology generation as it is to the innate accuracy of the DD model.

However, we arein a periodof evenmorefeverishadvancementof electronicdevices,with new
generationsof technologybeingintroducedevery 2 years,6 ratherthanevery 3 yearsaspredicted
by recenthistory.7 Further, variousquantumeffectswill quickly increasein significance,andit is
unclearhow well additionalfitting parameterscanaccountfor theseeffects.Instead,weshow that
thedensity-gradientquantumcorrectionto theDD modelcanefficiently accountfor at leastsome
of theseeffects.PROPHEToffersanefficient way to explore this modelandquantumeffectsin
various electronic devices.

This work beginsby describingthedensity-gradientmodelP-N junctiondevices,andthe imple-
mentationof theDG modelin PROPHET. We thendescribesimulationresultsfor a P-N diodein
1-D anda bipolarjunctiontransistor(BJT) in 2-D. Next, we reformulatetheDG modelfor usein
deviceswith insulators.We thencompareclassicalandDG capacitance-voltage(C-V) curvesfor



1-D MOS capacitors,andcurrent-voltage(I-V) curvesfor ultra-smallMOSFETsin 2-D. Finally,
we add ionized impurity scatteringto the DG model for the first time, to improve the match
between simulation and experiment. A discussion and conclusions of the work follows.

Density-Gradient Model and PROPHET

Thedrift-diffusionanddensity-gradientmodelsof carriertransportin anelectronicdevice canbe
written identically:

(1)

In theDD model, , which is theclassicalelectrostaticpotential.In theDG model,
the electrostatic potential has a quantum correction:

(2)

The quantumpotentialcorrectionis derived from the Schrödingerequationas a sum over all
wavefunctions.Obviously, this correctioncannot incorporatequantummechanicsperfectlyinto
the DD model, so and may be used as fitting parameters.In this work, we take

, which is the high temperaturelimit.8 The effect of the quantumpotential is to
reducethe secondderivative of carrierdensityprofiles.Therefore,abruptchangesin the carrier
density(e.g.,at a silicon/oxideinterface)aredisallowed.In general,thequantumcorrectionacts
to smooth out carrier density profiles. This is a result of continuity of the quantum wavefunction.

We now describetheimplementationof theDG modelin thePDEsolver PROPHET. Concerning
materialparameters,we usemobilitiesof = 1500cm2/Vs and = 500cm2/Vs in (1). In (2),
we take (light electronmass)and (heavy holemass)becausethese
valuesresult in a good matchbetweenDG simulationsand experiment.That is, thesecarrier
massesseemto dominatethequantumpotentialcorrectionin caseswherestraight-forwardcom-
parisonwith experiment is possible.The more interestingimplementationissuesinvolve the
PDEs.Since PROPHET has differential operatorsup to secondorder, implementingthe DG
model in PROPHETrequiresfive PDEs:the threein (1) andthe two in (2). Also, the quantum
potentialequationsin (2) are multiplied by and respectively to make useof existing
PROPHEToperators.Finally, in thiswork weonly considerthesteady-state.Thus,theDG model
implemented in PROPHET is:
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(3)

where and . This PDEmodel,includingall coefficients,is speci-
fied in a script file which PROPHETreadsandexecutes.For example,Figure1 shows the DG
model definition for a P-N diode or BJT (bipolar junction transistor).

In the PROPHETinput script, PDE modelsare implementedasa seriesof addedterms.Using
term2in Figure1 asanexample,eachterm is composedof a geometricalandphysical operator
(box_div anddrift_diffusion),takesoneor morefieldsasinputs(psi_n,electrons),is addedto one
or moreequations(electrons),andappliesonly in specifiedregionsof thedevice (silicon). Alge-
braic functionsof the fields (e.g., func0) areusedto setup the systemof equations.The code
implementingoperatorslikedrift_diffusionis providedwith all of thenecessaryfield andgradient
information,andtakesneededparametervaluesfrom a databasemaintainedby PROPHET. The
database also stores (for a single run or permanently) the transport models.

Results: Bipolar Devices

UsingtheDG modeldescribedabove,weconsidertheeffectsof thequantumpotentialonbipolar
deviceoperation.In particular, wesimulatetheoperationof aP-Ndiodein 1-D andaBJT in 2-D,
andcomparesimulationresultsfrom theclassicalandDG models.For thePN diode,a noticeable
differencein the carrier densityprofiles occursnearthe junction due to the profile smoothing
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system name=dens_grad
+   sysvars=psi,electrons,holes,psi_qn,psi_qp
+   nterm=10
+   term0=box_div.lapflux(psi|psi)@{silicon}
+   term1=nodal.potflux(electrons,holes,netdope|psi)@{silicon}
+   term2=box_div.drift_diffusion(psi_n,electrons|electrons)@{silicon}
+   term3=box_div.drift_diffusion(psi_p,holes|holes)@{silicon}
+   term4=nodal.prod(psi_qn,sqrt_n|psi_qn)@{silicon}
+   term5=box_div.lapflux(sqrt_n|psi_qn)@{silicon}
+   term6=nodal.prod(psi_qp,sqrt_p|psi_qp)@{silicon}
+   term7=-1*box_div.lapflux(sqrt_p|psi_qp)@{silicon}
+   term8=dirichlet.device_dirichlet(netdope|psi,electrons,holes)@{silicon/anode,
silicon/cathode,silicon/emitter,silicon/base,silicon/base2,silicon/collector}
+   term9=dirichlet.default_dirichlet(0|psi_qp,psi_qn)@{silicon/anode,
silicon/cathode,silicon/emitter,silicon/base,silicon/base2,silicon/collector}
+   tmpvars=psi_n,psi_p,sqrt_n,sqrt_p
+   nfunc=4
+   func0=add(psi,psi_qn|psi_n)@{silicon}
+   func1=add(psi,psi_qp|psi_p)@{silicon}
+   func2=sqrt(electrons|sqrt_n)@{silicon}
+   func3=sqrt(holes|sqrt_p)@{silicon}

Figure 1: DG modeldefinitionfor a PN diodeandBJT in PROPHETscriptfile. Associ-
atedmodelparametervalues,domaindefinition,andsimulationcommandsarenotshown.



effectof theDG model.Also, notethatthelowereffectivemassof theelectronsresultsin a larger
quantumcorrection(densitysmoothing).However, theI-V curvesfor thetwo modelsareindistin-
guishableover theentirebiasrange,asshown in Figure3. [Note that (Esaki)tunnelinghasbeen
neglected in these simulations, although it could in principle be included in the DG calculation.]

For the2-D BJTshown in Figure4, quantumeffectsweremorenoticeablein theterminalcharac-
teristics.In particular, althoughthecurrentsappearto bealmostidentical,on averagetheDG col-
lector currentis roughly 5% lessthanthe classicalcollectorcurrent,andthe DG basecurrentis
20%lessthantheclassicalcurrent.Thesedifferencesresultin a substantial15% increase in cur-
rentgain with theDG quantumcorrection.Theroot causeof theseI-V differencesis beinginves-
tigated.It doesnot appearto bedueto a loweringof thebasebarrierto collector-emittercurrent,
sincecollectorcurrentdecreasedslightly in theDG model.Solutionerrordueto inadequategrid
resolutionalsoseemsunlikely, astheresultwasconsistentover a wide rangeof biases.[To avoid
grid error, we usedover 10,000grid pointsfor this simulation,mostly to adequatelyresolve the
fairly abruptandimportantbase-emitterjunction.As a result,this wasthemostcomputationally
demandingsimulationin this work.] TheseBJT simulationresultsindicatethat even bulk trans-
port devicesusingP-N homojunctions(ratherthanheterojunctions)to defineregionscanshow
significantquantumeffectsin their terminal(I-V) characteristics.Evenmoreinterestingis thatthe
quantum correction actuallyimproved device performance.

Density-Gradient Model with Insulators

The remainderof this work describesthe implementationanduseof the density-gradientmodel
for simulationof MOSFETs.9 In comparisonto bulk-transportdevicessuchastheP-N diodeand
BJT, surface transportdevices suchas the MOSFET demonstratesignificantquantumeffects.
This is not surprising,sincequantumeffectsaremostprominentin thesameregion of theMOS-
FET that transporttakesplace:at the silicon/gate-oxideinterface.Figure7 andFigure8 depict

Figure 2: DG andclassicalcarrierdensity
profiles for a P-N diode at zero bias.The
diodeis 1 µm long,with ND = NA = 1e19/
cm3 on eachside of the abruptP-N junc-
tion at x = 0.5 µm. The DG quantumcor-
rection smooths carrier density profiles.

Figure 3: DG andclassicalI-V curvesfor
P-N diode. The curves are indistinguish-
able,indicatingthatquantumeffectsdonot
affect the terminal characteristicsof this
device. Theresistive region of operationis
indicated.
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qualitatively theexpecteddifferencein carrierdensityprofilesof aMOSFEToperatingclassically
andoneincludingquantumeffects.Classicalcarrierdensitieschangeabruptlyat theoxide inter-
facesfrom somelargeexternalvalueto zeroin theoxide.Quantummechanically, carrierdensities
cannot changeabruptly:thedensitiesmustgo smoothlyto zeroasit approachestheoxide inter-
faces.The quantumpotentialsof the DG model accomplishthis profile smoothing,and so are
largestneartheoxideinterfaces.Clearly, includingthequantumcorrectionsin MOSFETsimula-
tionsis important.It is alsosomewhatmorechallengingthantheimplementationfor bulk devices.

The difficulty in implementingthe DG model for MOSFETslies in formulating a reasonable
boundarycondition(BC) for thequantumpotentials and at theoxideinterfaces.To min-
imize computationtime, we assumethat in the oxide, , so only the
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Figure 4: Simulated 2-D Silicon BJT
structure(5µm square,0.1µm basewidth).
NotethatPROPHETallows contactsalong
any edge of the simulation region.

Figure 5: Collector current,basecurrent,
and currentgain versusbase-emittervolt-
age.DG basecurrentis lower thanclassi-
cal basecurrent,resultingin highercurrent
gain in the DG model.
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Figure 6: BasicMOSFET
structure to be simulated.
Thepoly-gate/oxide/silicon
region is depictedin detail
in the following.

Figure 7: Classical car-
rier density profiles of a
MOSFET in inversion.
Densitiesarediscontinuous
at the oxide interface.

Figure 8: Quantumcarrier
densityprofilesof a MOS-
FET in inversion. Density
discontinuitiesareremoved
by the quantum potential.
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source-lessPoissonequationis solved in this region. Further, dueto quantumcontinuity of the
carrierdensityprofile,we canuse asBCsat theoxideinterfaces.However, thequan-
tumpotentialshavearelatively large,unknown valueat theinterfaces,sincethis is wherethey act
to forceelectronandholeconcentrationto (near)zero.In otherwords,a Dirichlet BC cannot be
appliedto thequantumpotentialsat theoxideinterfaces.By thesamereasoning,enforcingaNeu-
mannBC ontheirgradientsis alsonotpossible.Onesolutionto thisdilemmais to solve theentire
five-PDEmodelin theoxideaswell asin theadjoiningsiliconandpoly gate.In thiscase,thedis-
continuity in thequantumpotentialswould bedeterminedby (2) andthesilicon-oxidebandoff-
sets. A model implementing this approach is being developed.

Anothersolutionto theboundaryconditionchallengeis to usethequasi-Fermi(QF) model10 of
carriertransport,which canbedescribedasa changeof variablesfrom theDD model.Recallthat
at theinterfacebetweena semiconductorandaninsulator, theelectronandholequasi-Fermilev-
elsin thesemiconductorhave zerogradientperpendicularto theinterface(i.e., thereis no current
flow into the insulator).The DG equivalentof the QF modelcanusetheseNeumannBC asthe
constraintsneededfor the quantumpotentialPDEs.However, the PDEsmust be rewritten in
terms of the QF levels. The final result is:

(4)

wherethefive solutionvariablesare , respectively, andthe following arecom-
puted as “elimination variables”:

(5)

Theabove QF versionof theDG modelwasimplementedin PROPHET, andis usedfor all of the
remaining simulations in this work.

Results: Thin Oxide MOS Capacitors

Theswitchingefficiency of a MOSFETis largely determinedby its gatecapacitance,which ide-
ally measurestheability of thegateelectrodeto controlthecarrierdensityandcurrentflow below
thegateoxide(seeFigure6). Thus,it is critical for simulationsto accuratelypredictgatecapaci-
tance.The quantumrepulsionof carriersfrom both oxide interfaces,as depictedin Figure 8,
makes the oxide appearto be typically 1 nm thicker than it is. This may not seemlike a large
amount,but real gateoxide thicknesseshave alreadydroppedbelow 5 nm, andarepredictedto
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reach1 nm by 2012.11 Thus,this quantumeffect shouldalreadybenoticeablein state-of-the-art
technology, and will quickly become more so as gate oxide thicknesses continue to diminish.

To testthis prediction,1-D MOS capacitorswith oxidethicknessesfrom 21Å to 80Å weresimu-
lated,andC-V curveswerecomparedto thosefrom classicalsimulationsandfrom experimental
measurementsof thesamestructure.12 Theresultingcarrierdensityprofileswereaspredictedin
Figure8: zeroat theoxide interfaces,with the inversionor accumulationchargepeak5Å to 15Å
beneaththeSi-oxideinterface,ratherthanexactlyat theinterfaceasin theclassicalmodel.Figure
9 comparesC-V curves (capacitanceversusgate-substratebias VGS) for the 21Å oxide MOS
capacitor. As expected,theDG modelreproducesmeasureddatamuchmoreaccuratelythanthe
classicalmodel for this very thin oxide. To summarizethe resultsof the C-V simulationsover
oxidethickness,Figure10 shows thefractionalerrorin simulatedcapacitance(comparedto mea-
sureddata)versusoxidethicknessfor theclassicalandDG models.To simplify theplot, a single
biasof VGS = -2V (accumulation)waschosen,sincethis conditionis mostcritically affectedby
quantumeffectsandis leastaffectedby otherunknown parameterssuchasthepoly dopinglevel.1

Herewe seethat theDG modelmaintainsaccuracy at leastdown to 21 Å, while theaccuracy of
the classical model deteriorates rapidly for oxide thicknesses below 40Å.

Results: Short Channel MOSFETs

Although1-D simulationssuchasthoseabovecanprovidesomeroughmeasuresof deviceopera-
tion, theability to performsimulationsof MOSFETin at least2-D is essentialfor practicalappli-
cation.Only with 2-D simulationcana detailedpictureof operatingcharacteristicsbe obtained.
Of course,classicalmodelshave beenusedin 2-D and 3-D for many years.Quantummodels
basedon non-equilibriumGreen’s functions,Wigner functions,or thedensitymatrix caninclude
scattering,and thereforecould serve as a basis for conventional electronicdevice modeling
including quantumeffects.However, extendingany of thesequantummodelseven to 2-D will
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requirehugecomputationalresources.By contrast,theDG model,with its quantumcorrections,
is only moderatelymore computationallydemandingthan the associatedDD and QF classical
models.Thus,it canalsobefeasiblysolvedin 2-D (andeven3-D). Our recentwork1 wasthefirst
to accomplish this. Here we extend those results to more detailed and complete simulations.

Figure11 shows the simulateddrain characteristic(drain currentversusdrain biasat a seriesof
gatebiases)for a30nm MOSFETwith 20Å gateoxide.This deviceshouldapproximatethestate
of the art in researchlabs.Computeddrain characteristicsfor both the quantum-correctedDG
modelandtheclassicalquasi-Fermimodelareshown. At eachgatebias,theDG currentis typi-
cally 40% below that predictedby the classicalmodel.This representsa seriousdecreasein the
current drive capability of the device.

Onequestionwhich needsto beansweredis what fractionof the reducedcurrentdrive is dueto
thereductionin channelcharge,andwhatfractionto quantumtransporteffectsalongthechannel.
Figure12 comparesthe reductionin channelcharge anddrain currentin the DG modelat full
drainbias(1V) for the30 nm MOSFETsimulatedin Figure11. Theclosematchbetweenthese
curvesover the full rangeof gatebiasesindicatesthat theDG currentreductionis dominatedby
reducedchannelcharge,with only minor quantumtransporteffects.It makessensethatquantum
effectsareminor in the transportdirectionin the DG model,sincethis modelonly significantly
affectsthepotentialandcarrierprofilesnearabruptheterojunctionsandinsulatinginterfaces.The
relatively smoothpotentialin the transportdirection resultsin small quantumpotentialsin this
direction, and correspondinglysmall quantumeffects on current.Note that this analysisonly
appliesto theDG quantummodel.Quantummodelswhich includetheeffect of discretequantum
energy levelsin thechannelmaypredictverysignificantquantumtransporteffectsin thechannel.

Even though,in the industrialsense,the DG modelcurrently implementedin PROPHETis not
very sophisticated,it is instructive to compareits simulationresultswith measuredI-V data,just
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aswe comparedto measuredC-V data.I-V measurementsanddopingdataarenot yet available
for devicesasaggressive asthe30 nm MOSFETsimulatedabove.To compareto measurements,
wethereforeusepublisheddatafrom 1996for amuchlarger, 80nmMOSFET.13 Figure13shows
thesimulatedcurrentfor theDG andclassicalmodels,andFigure14shows themeasureddatafor
thisdevice.Wenotethatthereductionin currentof theDG modelis notnearlyassevereasin the
30 nm device. More importantly, the simulatedcurrentsareabouta factorof 15 larger thanthe
measured results. We discuss this briefly in the final section.

Discussion and Conclusions

Up to thispoint,wehavepresentedmany simulationresultsusingthedensity-gradientmodel,and
have demonstratedboth the importanceandfeasibility of includingquantumeffectsin 2-D elec-
tronic device simulation.However, we promisedto espousenot only a model suitablefor meeting
the gigascalechallenge,but alsoan approach for implementingthat model.We have discussed
this approach only briefly, so we use this section to provide further detail.

Thereis acontinuumof possibleapproachesto developingdevicemodelingcapability, from writ-
ing everybyteof codeoneself,to incorporatingstandardnumericallibraries,to usinganumerical
computationpackagelike MatLab,to usinga symbolicmathpackagelike Mathematica.Ideally,
the device modelingresearcherseeksthe shortestpath betweenformulation of the model and
analysisof device simulationresults.Further, this pathmust remainshorteven as the model is
modified and enhancedmany times, and even if several different modelsare employed. This
objective is not thesameasrequiringthat thedevice modelingcoderun asfastaspossible,since
far moretime is spentprogramming,debugging,andtuningcodethanrunningit. It is thesumof
theunproductive tasks- discretizingthemodel,programminganddebugging,andrunningsimu-
lations- thatwe seekto minimize.A tool like Mathematicaappearsto offer thehopeof a consis-
tently shortpath,freeingthemodeldeveloperfrom writing any codeandfrom theoftendifficult
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Figure 13: Computeddrain characteristic
for 80 nm gate length, 35Å gate oxide
MOSFET. DG current is only about10%
less than classical current.
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less severe than in simulated results.
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taskof discretizingthemodel.However, it seemsthatonly hand-writtencodeoffersthecomputa-
tional scalability, complex domains, and boundary conditions needed for “real” device modeling.

Basedon our experience,PROPHETrepresentsthe kind of tool neededto minimize the unpro-
ductive partof device modelingresearch.PROPHETallows oneto specifythetransportmodelas
a setof PDEs,soit doesnot requirediscretization,andit hasa growing setof mathematicaloper-
atorsfrom which to build thePDEterms.Modelswhich canbeposedin termsof existing opera-
tors requireno codeto be written, while modelswith morecomplicatedor unusualPDE terms
will requireoneor moreshortoperatorroutinesto becreated(by copying andmodifyinganexist-
ing operatorroutine).For example,all of the operatorsnecessaryto producethe drift-diffusion
versionof theDG model(seeFigure1) areincludedin PROPHET’s standardset.Threeexisting
operatorsweremodifiedslightly for thequasiFermiversionof theDG model.Thus,theresultsof
this work are the product of a very short path from model formulation to analysis.

To illustratethedevelopmentprocesswith PROPHET, considertheissueleft hangingat theendof
the lastsection.We foundthat thesimulatedcurrentdensityof theDG andclassicalmodelswas
about15 timeslarger thanmeasureddata(Figure13). In all of our DG simulationsto date,we
have usedconstant,intrinsic mobilities. In reality, many scatteringeffectscombineto reducethe
effective mobility by a factorof 10 or more.As a proof-of-concept,we implementeda position-
dependent mobility model for ionized impurity scattering. A mobility model was selected:14

(6)

with differentparameters for electronsandholes.An operatorfunctionimple-
menting(6) wascreatedin a few minutes.ThequasiFermiandquasiFermi/DGmodelsweremod-
ified to use the new mobility operator. Statements like

dbase create name=/library/physics/silicon/electrons/mu_min sval=70*1e8
dbase create name=/library/physics/silicon/electrons/nref rval=1e17
dbase create name=/library/physics/silicon/electrons/alpha_ii rval=0.7

wereaddedto the input script for the80 nm MOSFET. Insideof anhour, we hadthefirst results
showing that ionized impurity scatteringalonecould reducecurrentby a factor of about6, to
within a factor of 2 or 3 of measured data.

Again, the main featureof PROPHETis rapid prototyping:the ability to specifyandmodify a
modelat a high level, without ever writing, debugging,or modifying the low-level gridding,dis-
cretization,datahandling,and solver code.[Simple operatorroutinesare sometimesrequired,
however.] But script-driven modelinghasother importantbenefitsthat we routinely useto pro-
ducethedesiredresultsin theshortesttime.For example,simulationalwaysbegin with thesolu-
tion of the simplestandmost robust device model,which servesasan initial guessfor a more
complex model.The processcontinuesuntil we reachthe modelof interest.In somecaseswe
may wish to investigatea certainrangeof operatingpoints. In this case,a simple, fast-solving
modelis usedto stepthedevice into theoperatingregionof interest,atwhichpoint thefull model
is engaged.In somecases,over severalsystemsolves,we graduallyswitchon a PDEtermwhich
renders the solution divergent if switched on abruptly.
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+

-----------------------------------+=
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As the costof computationcontinuesto declinerapidly, the overheadof usinggeneralpurpose
codeis becomingnegligible in comparisonto the time it takesto write highly tunedcode.This
disparity in time costwill increasinglyfavor the useof generalfunctionality packagessuchas
PROPHETover writing code.Thevery computerswe arecreatingwill eventuallymake obsolete
the traditional approachto electronicdevice modelingof spendingyearswriting highly tuned,
monolithic, “vertical” simulationcodes(which only implementa single physical model).That
approachwill inevitably fall behindthecapabilitiesof moregeneralandextensiblecodeswhich
allow the researcher to focus on theory and analysis, rather than programming and debugging.

In summary, we presentedthedensity-gradientasa computationallyefficient meansof including
quantumeffectsin multi-dimensionalelectronicdevice simulationsuitablefor gigascaleintegra-
tion technology. WehavealsopresentedthePDEsolverPROPHETasadevicemodelingplatform
whichenablesrapidprototypingandenhancementof modelswith a level of flexibility thatwill be
requiredfor device modelingto provide timely guidanceto the semiconductorindustry in the
gigascaleera.We have demonstratedthe robustnessof this modelfor simulationof bothbipolar
and MOSFET devices. In first-ever BJT simulations,the DG model predictedan unexpected
increasein the currentgain. In MOS capacitorsimulations,we showed that the classicalmodel
rapidly divergesfrom measuredresultsfor oxide thicknessesbelow 40 Å, while the DG model
maintainsgoodaccuracy at leastdown to 21 Å. We found that in ultra-smallMOSFETsimula-
tions,thecurrentreductionspredictedby theDG modelwereentirelydueto thereducedinversion
charge,while lateralquantumtransporteffectswereminimal. Finally, we describedthefirst ever
DG simulations with a position-dependent mobility including ionized impurity scattering.
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